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The phenomenon of non-orthodox seed behaviour is 
presented in the framework of the probability of being 
much more common than might be expected, consider-
ing that scientific knowledge about seeds is largely 
drawn from what has been established for a mere hand-
ful of cultivated crop species. The scattering of species 
producing recalcitrant seeds across most angiosperm 
families (and among the gymnosperms) appears to have 
no taxonomic basis, although recalcitrance might be the 
ancestral seed condition. Recalcitrance is considered 
not as deViant, but rather as one extreme of a continu-
um of seed behaviour based on the response to dehy-
dration, the other extreme being manifested by those 
orthodox seeds that are able to tolerate almost total 
desiccation. Post-harvest seed responses to dehydra-
tion are presented in the context of developmental 
events that characterise pre-shedding development. 
Those that acquire desiccation tolerance and will sur-
vive lengthy periods in the desiccated state do so as a 
result of the full development and interaction of a suite 
of mechanisms enabling this competence. Highly recal-
Introduction 
There is a common perception that mature seeds of 
angiosperms, and indeed of the commonly-known gym-
nosperms, are shed as dry entities that are incapable of fur-
ther development (usually germination) until an adequate 
water supply becomes available, In the dehydrated condi-
tion , such seeds can be stored for variable periods, which 
are predictable under defined seed water content and tem-
perature conditions (Ellis and Roberts 1980), This type of 
storage behaviour is termed 'orthodox', a description applied 
to such seeds for some 30 years (Roberts 1973), Most of the 
accepted dogma about seed structure, development, physi-
ology and germination has been derived from observations 
and in-depth investigations on orthodox seeds. However, 
almost all the amassed information has been deri ved from 
work on seeds 01 considerably fewer than 0, 1% 01 all higher 
plants' This perhaps, is not surprising, considering that the 
seeds 01 around 20 important crops and those of a few 
woody species - all 01 which are orthodox - have been the 
cit rant seeds which consistently remain metabolically 
active, are considered not to possess, or express, most 
or all of these, while inbetween the extremes of recalci -
trance and orthodoxy, seeds that might be considered 
as non-orthodox (but also not recalcitrant) will manifest 
these mechanisms and their interactions variably -
thus accounting for a continuum of seed behaviour in 
the context of relative desiccation tolerance. Emphasis 
is laid on the fact that the degree of dehydration tolerat-
ed by seed tissues is a function of the rate of dehydra-
tion : the more rapidly water can be lost, the less time is 
available for metabolism-linked damage, and the lower 
the water content that can be attained without lethal 
injury. However, recalcitrant seeds cannot lose struc-
ture-associated (non ~freezable) water without sustain-
ing lethal injury, which is considered as desiccation 
damage sensu stricto. Finally, the limited potential for 
storage of recalcitrant seeds is discussed, and the alter-
native biotechnological approach of germplasm conser-
vation by means of cryostorage of embryonic axes, is 
presented, 
major focus for most investigators. 
With intensification of world-wide interest in regional 
indigenous plant species and biodiversity, however, there is 
steadily increasing evidence that orthodox seed behaviour 
might not be the norm. The ever-growing list of species pro-
ducing non-orthodox seeds is an extension of the com-
pendium of recalcitrant crop seed producers, already pub-
lished by Chin and Roberts in 1980, At the same time that 
the term, orthodox, was introduced into seed biology, the 
descriptor, recalcitrant, was applied to those seeds shed at 
high water contents and having in common the phenomenon 
of desiccation-sensitivity (i.e. not being able to withstand 
removal of more than a small proportion of their tissue water, 
without rapidly lethal results) , More accurately, it was 
because the seeds described could not be stored at low 
water contents under low relative humidity (RH) conditions , 
that they were termed recalcitrant (Roberts 1973). 
Many seeds identified as being recalcitrant are produced 
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by tree species, especially those of tropical provenance. For 
example: Artocarpus spp. [Moraceae] Uackfruit; breadfruit) ; 
Avicennia marina [Avicenniaceae] (and other mangroves, 
e.g. Bruguiera gymnorhiza [Rhizophoraceae]) ; Barringtonia 
racemosa [Lecythidaceae] and other riparian species. as 
well as Bertho/letia excelsa (Brazil nut); Ekebergia capensis 
and Trichilia spp. [Meliaceae]; Garcinia spp. [Clusiaceae 
(=Gutliferae)] (mangosteens); Hevea brasiliensis 
[Euphorbiaceae] (commercial/natural rubber); Litchi chinensis 
[Sapindaceae] (Iychee); Mangifera indica [Anacardiaceae] 
(mango); Persea americana [Lauraceae] (avocado) ; Shorea 
spp. [Dipterocarpaceae] (e.g. sal [India] ; engkabang 
[Malaysia]) ; Theobroma cacao [Sterculiaceae] (cocoa) . 
Although many of these species are indigenous to mesic 
tropical regions where conditions continually favour seedling 
establishment, others occur in tempe rate regions with 
marked seasonality. Among temperate species producing 
recalcitrant seeds are Aescufus hippocastanum 
[Hippocastanaceae] (horse chestnut); Acer spp. 
[Aceraceae] (sycamore; sugar maple; silver maple); and 
Quercus spp. [Fagaceae] (e.g. pedunculale/English oak; red 
oak; i.a.); Camellia sinensis [Theaceae] (tea); Poncirus tri/o-
liata [Rutaceae] (trifoliate orange) . Production of recalcitrant 
seeds is not exclusive to dicotyledonous tree species: for 
example, such seeds are characteristic of Landolphia kirki; 
[Apocyanaceae] which is a woody (dicot) vine; several gym-
nospermous trees, e.g. Podocarpus henkelii (Henkel's yel-
lowwood) and Araucaria spp. (monkey puzzle), as well as 
certain monocotyledonous species including Cocos nucifera 
[Palmae] (coconut); Scadoxus [Haemanthus] mem-
branaceus [Amaryllidaceae] (dwarf paintbrush); Zizania spp. 
[Poaceae] (wild rice). 
It can be seen from these examples (and there are many 
more), thai Ihe phenomenon of seed recalcitrance is wide-
spread across families . Although there are famil ies in which 
apparently no species produce recalcitrant seeds, there 
seems to be little pattern among the angiosperms regarding 
the occurrence of seed recalcitrance. Nevertheless, recalci-
trance has been suggested to be the ancestral seed condi-
lion (Pammenter and Berjak 2000), and hence cannot be 
considered to be a manifestation of deviant behaviour. 
Rather, recalcitrant seeds mighl be though I to behave in an 
unexpected manner - but only because of entrenched per-
ceptions that seeds are all similar to beans or wheat! 
There are, however, marked differences between highly 
desiccation-tolerant orthodox seeds, at the one extreme, 
and those recalcitrant species which cannot tolerate any sig-
nificant loss of water withoul lethal consequences (Berjak 
and Pammenter 1999). Even among orthodox species, not 
all can be as severely dehydrated as others (Walters 1998), 
and among recalcitrant types, there are notable differences 
in the proportion of water loss that can be tolerated under 
similar drying conditions (Farrant et al. 1989). Atthough a 
category of seeds that can withstand dehydration to rela-
tively low water contents has been described as showing 
intermediate characteristics (Ell is et al. 1990, Hong and Ellis 
1996), it is likely that when seed biology of a significantly 
greater number of angiosperm (and gymnosperm) species 
has been studied, a continuum of seed behaviour will 
emerge. This will be based not just on relative sensitivity or 
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tolerance to desiccation, but also on a spectrum of other 
characteristics (Berjak and Pammenter 1994). 
Although orthodox seed storage is not problem-free, 
adherence to guidelines for low RH (to maintain low seed 
water content) and temperature of the store will generally 
conserve vigour and viability for extended periods, provided 
the seeds are of good quality and sufficiently desiccated at 
the outset. Especially valuable seed (e. g. in base collec-
tions) is conventionally stored at -18Q C. However, similar 
approaches are precluded for recalcitrant seeds which must 
remain hydrated to retain viability. The necessarily high seed 
water contents also preclude storage at below-zero temper-
atures and additionally, recalcitrant seeds of some tropical 
species are chilling-sensitive, being damaged at cold tem-
peratures that are well above O°C. For example. seeds of 
Theobroma cacao (cocoa) appear to be damaged at tem-
peratures below the high value of 15°C (Chin and Roberts 
1980). Recalcitrance thus poses major problems in terms of 
short- to medium-term storage for planting programmes and 
the seed trade, as well as necessitating a completely differ-
ent approach for long-term germplasm conservation (see 
below). 
Recalcitrance and seed development are inextricably 
linked 
While the pre-shedding development of orthodox seeds is 
characterised by a third and final phase, maturation drying, 
during which dry mass accumulation ceases and seed water 
content and thus fresh weight, decl ine significantly, this 
phase is essentially absent in recalcitrant types. Although 
some small measure of decline in the absolute amount of tis-
sue water may occur, what seems to dominate the develop-
mental phase preceding shedding is that Ihere is no cessa-
tion in the accumulation of dry matter (Hong and Ellis 1990, 
Farrant et al. 1992, Tompsett and Pritchard 1993, Finch-
Savage and Blake 1994, Fu et al. 1994, Lin and Chen 1995), 
while the amount of water stays essentially constant. 
Consequently, water content expressed either as a percent-
age of the fresh mass (fmb) or on a dry mass basis (g water 
g" dry mass [dmb]) may appear to decline to a limited extent. 
However, the water content of recalcitrant seeds at shed-
ding, is always high - from 0.3 to >4.0g g" , depending on 
the species, the season and the provenance, in comparison 
with that of malure orthodox seeds (generally 0.15g g" or 
less). On attempting to categorise unfamiliar seeds, water 
contents at shedding exceeding 0.3g g ' give the first clue to 
their being recalcitrant. 
However, seeds of some species that are not recalcitrant 
may be shed at similarly high water contents, but the factor 
that differentiates them is their response to desiccation. 
Methodical trials involving stepWise dehydration under strict-
ly controlled conditions will result in vigour and viability loss 
after relatively little dehydration in recalcitrant seeds, while 
orthodox types will withstand desiccation to water contents 
as low as 0.053g g" (5% fmb). Seeds Ihat fall into the cate-
gory described as showing intermediate behaviour, will gen-
erally lose viability below water contents of 0.14-0.11g g" 
(12-10% fmb) (e.g. Hong and Ell is 1996). 
Marked differences in desiccation-sensitivity exist among 
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recalcitrant seeds of different species, based on inherent 
properties such as the nature of the covering layers and 
seed composition. However, even within seeds of individual 
species. there is often notable inter- and intra-seasonal vari-
ation (Berjak et al. 1989, 1993). Such diHerences are 
dependent on both intrinsic properties of the seeds and the 
nature of conditions to which they are subjected - both prior 
to and after harvest. For experimental purposes, recalcitrant 
seeds are generally hand-harvested from the parent plant. 
As there are generally few indications of the relative immi-
nence of natural shedding, the water content and develop-
mental status of the seeds at harvest are among the intrin-
sic tactors underl ying variability. Additionally, when the 
seeds are subjected to dehydrating conditions, particularly 
the drying rate - and probably also the temperature - are 
critical factors that determine relative desiccation-sensitivity. 
As these parameters impose differences in response among 
seeds of individual species, it is apparent that there cannot 
be an unqualified 'critical [threshold] water content' below 
which seed viabi lity will be lost (Pammenter et al. 1998) . 
While the basis tor this statement will be explored in greater 
depth below, it is important to note that a misleading leature 
of much of the published literature on individual recalcitrant 
seed species, is the identification of putative 'critical water 
contents '. However, in juxtaposition to this assertion, it must 
be realised that there will be a limiting water content below 
which retention of viability of seeds of individual species is 
impossible when dehydration is carried out, under even the 
most favourable conditions. This would be the critical water 
contenl sensu stricto, which is likely to be close to the level 
where only structure-associated (non-freezable) water per-
sists (Pammenter et al. 1998, Wallers et al. 2001). However, 
dehydration to such levels with concomitant retention of via-
bility is highly unlikely to be achievable with intact seeds 
even under the most rapid drying conditions, simply 
because the rate of water loss would be far too slow 
(Pammenter et a/. 1998). 
The over-arching criterion determining recalcitrant behav-
iour is that the seeds are actively metabolic when they are 
shed or harvested (Berjak et al. 1989, Poulsen and Eriksen 
1992, Lin and Chen 1995, Chien and Lin 1997, Farrant el a/. 
1997, reviewed by C6me and Corbineau 1996 and by Finch-
Savage 1996), and remain so for a physiologically-defined 
period which varies from one speCies to another, provided 
there is no - or only minimal - water loss. When recalci-
trant seeds are stored under conditions maintaining their 
water content (hydrated storage), depending on the species 
germinative metabolism will immediately be initiated, or 
developmental events grading into the onset of germination 
will occur (Berjak et al. 1989). The longevity of the seeds in 
hydrated storage is inversely related to the rate at which ger-
minative metabolism proceeds: generally once cell division 
and extensive vacuolation occur during radicle extension, 
the seeds lose vigour and ultimately viability, because the 
requirement for additional water to support active growth 
cannot be met (Farrant et al. 1986, Berjak el a/. 1989) . 
Whether germinative metabolism ensues and proceeds rap-
idly or slowly, the inevitable consequence appears to be the 
imposition of a mild, but prolonged water stress which ulti-
mately is lethal (Pammenter et a/. 1994) . 
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Two approaches to curtailing or delaying germinative 
metabolism in hydrated storage have suggested them-
selves: one is the use of relatively low storage temperatures 
- which is tenable in the case of seeds of temperate 
species (e.g. Quercus robur [Sulka and Tylkowski 1980]; 
Araucaria hunsleinii [Pritchard et a/. 1995]), but does not 
provide a means for effective long-term storage, mostly 
because of the complicating factor of seed-associated fungi 
(see later). Cold-storage is also precluded for those (usually 
tropical) species that are chi lling-sensitive (Chin and 
Roberts 1980). The other approach , viz. lowering seed water 
content to a level permitting ongoing vital metabolism but 
curtailing germination (storage at 'sub-optimal' water con-
tent) has been shown to be so injurious as to shorten seed 
lifespan relative to storage at the shedding water content 
(Drew et at. 2000). Those authors also showed that, at 'sub-
optimal' water content, the seeds were over-run by prolifer-
ating fungi far more rapidly than were seeds stored without 
prior dehydration. Limi ted experimentation has shown the 
metabolic inhibitor. ABA. to be ineffective in curtailing germi-
native metabolism in storage, at least for cacao seeds 
(Mumford and Brett 1982). 
When one considers that in most cases recalcitrant seeds 
are, in eHect, seedlings (Berjak et a/. 1989, 1996) then it is 
not surprising that they are no more amenable to these var-
ious manipulations, than would be seedlings or young plants 
grown from orthodox seeds. In order to understand - and 
perhaps be able to manipulate - recalcitrant seeds, a com-
prehensive appreciation of the faclors that facilitate the 
unusual quality of desiccation-tolerance in orthodox seeds, 
is necessary. 
What determines recalcitrant (or non-orthodox) vs 
orthodox seed behaviour? 
There are no apparent differences in the progress of the 
phases encompassing histodifferentiation and reserve dep-
osition during orthodox and recalcitrant seed development, 
and it is only afier this that the patterns diverge (Farrant et 
al. 1993). However, what is not obvious from this overview, 
are the profound changes that occur accompanying the 
acquisition of desiccation-tolerance - i.e. the ability to with-
stand extreme dehydration - and the mechanisms that 
must become operative for orthodox seed survival in the 
desiccated state. It is the lack and/or only partial expression 
of the suite of interacting processes and mechanisms oper-
ative in orthodox seeds that precludes recalcitrant types 
from entering the third developmental phase - that of mal-
uration drying - and therefore determines the basis of their 
unifying feature of desiccation-sensitivity (Pammenter and 
Berjak 1999). Recalcitrant behaviour is thus inevitably a 
product of seed development, explaining at least partly why 
manipulations to extend their post-harvesl lifespan by 
imposing conditions to make them more like orthodox 
seeds, have been such a dismal failure. 
Intracellular Physical Characteristics 
A major characteristic of plant cells that are desiccation-tol-
erant, is their ability to withstand the strains that must follow 
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imposition of dehydration stress. A spectrum of cellular and 
intracellular features can be identified in orthodox seeds, 
which togelher enable the tissues 10 withsland the physical 
strains associated with dehydration. These include a signifi-
cant reduction in the occurrence of large, flu id-fi lled vac-
uoles, which either break up into many, very much smaller 
bodies, andlor become filled with insoluble reserve material , 
usually in the form of protein. Additionally, in orthodox seeds, 
embryo cells characteristically accumulate large amounts of 
insoluble slarch and/or lipid external to the vacuoles 
(reviewed by Vertucci and Farrant 1995). A further fealure 
guarding against physical damage resulting from cell shrink-
age during dehydration , is a plasticity of the walls that facili-
tates Iheir folding (Webb and Arnott 1982) . This spectrum of 
featu res , together wilh Ihe abilily of the cytoskelelon to dis-
sociate in an orderly manner, militate against physical dam-
age when water loss from the ce lls brings about their 
marked volume reduction in orthodox seeds. Additionally, 
allhough direct data are lacking , il is implicit thai a confor-
mation of Ihe chromatin is assumed that will protect the 
integrity of the genome in the desiccated condition in ortho-
dox seeds (Brunori 1967, Osborne and Boubriak 1994). 
Accompanying this, the nucleoskeleton which determines 
nuclear architeclure (Moreno Diaz de la Espina 1995) and 
imposes intra-nuclear functional domains in the hydrated 
condition (Wol fe 1993), must be modified in a strictly con-
trolled manner that will ensure its fully functional reconstitu-
tion when water once again becomes available. 
Many of these characteristics, which are developmental 
features preceding or accompanying maturation drying in 
orthodox seed tissues, are know to be lacking, or to be man-
ifested only partially, in the embryo cells of recalcitrant 
seeds. Even from the relatively few sludies Ihat have been 
done, there appears to be a correlation between the degree 
of recalcitrance, and the manifestation of some of these fea-
tures. For example, in Ihe highly recalcitrant (extremely des-
iccation-sensitive) seeds of the tropical species, Avicennia 
marina, embryo cells remain massively vacuolated and 
accumulate little by way of insoluble reserves (Farrant et al. 
1997). Embryo cells of another tropical species, Ekebergia 
capensis, although accumulating a substantial amount of 
starch within plastids, also remain highly vacuolated 
(Pammenler et al. 1998): these seeds, while tolerating a 
somewhat greater degree of dehydration than those of A. 
marina, are nevertheless considerably more desiccation-
sensitive than those of other recalcitrant species in which 
embryo cells become less vacuolated. As an example, 
seeds of the temperate species, Aescufus hippocasfanum, 
which are relatively Jess recalcitrant, accumulate protein in 
small vacuoles and lay down starch in plastids and some 
lipid in extra-vacuolar sites in embryo cells (Farrant et al. 
1997). Nevertheless, A. hippocastanum seeds are desicca-
tion-sensitive, indicating that these microscopically-visible 
events alone are not effective devices to counteract the 
slrains associated with dehydration. These intracellular fea-
tures - which are highly conspicuous developments provid-
ing physical buffering against volume changes on dehydra-
tion in orthodox embryos - can be seen to be lacking, or 
only to be partially effective, in recalcitrant embryos, seem-
ingly in line with their degree of desiccation-sensitivity. 
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Intracellular De-differentiation and Metabolic 'Switch 
Off' 
A few studies in the 1960s and 1970s already described 
intracellular de-differentiation to accompany the onset of 
maturatIon drying in orthodox seeds, with the reversal of this 
process, viz. re-differentiation , occurring upon rehydration 
early during germinalion (Bain and Mercer 1968, Klein and 
Pollock 1968, Hallam 1972). In their 1997 study, Farrant el 
al. showed thai organelle de-differentiation actually pre-
cedes this phase, occurring as a developmental event prior 
to, rather than triggered by, water loss. De-differenlialion of 
mitochondria and plastids implies minimisation of their meta-
bolic activity, which , if proceeding during dehydration, could 
yield a source of potential ly uncontrolled free rad icals result-
ing in serious to lelhal intracellular damage (see later). In 
tandem with organelle dewdifferentiation, respiratory decline 
(i.e. metabolic 'swi tch off) has been shown to occur ahead 
of the maturation drYing phase in Phaseolus vulgaris 
(Farrant et al. 1997), extending earlier studies aSSOCiating a 
sharp decline in respiratory substrates and a fall in respira-
tion rate with maturation drying (Rogerson and Matthews 
1977). 
Intracellular de-differentiation is not restricted to mitochon-
dria and plastids: for example, endomembranes such as the 
rough ER become substantially reduced and the cisternae of 
Golgi bodies are dis-associaled (Bain and Mercer 1966, 
Klein and Pollock 1968, Hallam 1972, reviewed by Vertucci 
and Farrant 1995). This implies not only the shut-down of 
membrane syntheSis and processing. but also the reduction 
of membrane surface area and hence of sites that would 
undergo substantial, often deleterious, changes upon desic-
cation. A further indication of metabolic 'switch ott' already 
described by Brunori in 1967, is the cessation of DNA repli-
calion and Ihe arrest of most embryo cells in Ihe G 1 (pre-
replication) phase in orthodox embryos with the onset of 
maturation drying. During G 1, the DNA is in the undoubled 
form , described as 2C. 
What is the status of such cryptic developmental events in 
recalcitrant seeds? In none of the recalcitrant embryos (of a 
variety of different species) examined electron microscopi-
cally, does marked de-differentiation occur. A comparison of 
the highly-recalcitrant embryos of Avicennia marina with 
those of Aesculus hippocastanum, which is less recalCitrant, 
showed that mitochondria occupied a greater proportion of 
the cytoplasmic volume in the more desiccation-sensitive 
species (Farranl et al. 1997). However, in both A. marina 
and A. hippocastanum Ihe mitochondria remained highly di f-
ferentiated, showing abundant cristae and dense matrices in 
keeping with the relatively high respiratory rates measured. 
Respiration rates are generally relatively high across a 
divergent species-spectrum of recalcitrant seeds (Poulsen 
and Eriksen 1992, Lin and Chen 1995, Chien and Lin 1997, 
and reviewed in 1996 by Come and Corbineau and by 
Finch-Savage) . There are insufficient data for cell cycling in 
recalcitrant embryos to comment unequivocally. However, in 
highly-recalcitrant A. marina seeds, which are poised for 
immediate germination after abscission from the parent tree, 
only the most transient cessation of DNA replication occurs, 
with resumption of DNA synthesis (the S phase) resulting in 
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its entering the more vulnerable, doubled state (4C) , soon 
after shedding (Boubriak et at. 2000). This event occurs 
without an extraneous water source - Le . at the seed water 
content typifying the newly-shed condition , which is quite 
unlike the G1 arrest reported for orthodox seeds entering 
maturation drying . In the temperate recalcitrant species , 
Acer pseudoplatanus, on the other hand, >60% of Ihe 
embryo cel ls have been reported to be arrested in the 2C 
state, which might, however, be associated with the dor-
mancy of these seeds in the newly-shed stale (Finch-
Savage et al. 1998). For mature seeds of Azadirachta indica 
characterised as intermediate, Sacande et al. (1997) have 
shown that DNA occurs almost exclusively in the 2C state. 
Thus information on cell cycling in the few species of non-
orthodox seeds studied has certainly not produced unequiv-
ocal results , and the survey needs to be extended consider-
ably. However, the work on cell cycling in A. marina embryos 
from newly-shed seeds (in which the S-phase leading to the 
4C condition is rapidly entrained) has shown that the DNA is 
severely damaged by only a slight degree of dehydration, 
which is a further indication of the vulnerability ot actively 
metabolic subcellular components to water loss (Boubriak et 
al. 2000) . 
Antioxidant Systems 
Free radicals, which are highly reactive, electron-seeking 
chemical species, are naturally produced during normal 
metabolism (e.g. the oxidised forms of the cytochromes are 
free radicals). However, production of these and other free 
radicals is under strict control and vegetative tissues contain 
a range of both enzymatic and non-enzymatic antioxidants 
which function to prevent injurious consequences of 
'escaped' free radicals, the best known of which is peroxi-
dation of membrane lipids (reviewed by Hendry 1993). This 
is likely to lead to membrane lipid lateral phase separation 
(literally a change from the more fluid, liquid crystalline state 
to the more rigid gel state) accompanied by protein dis-
placement from the membranes (reviewed by Vertucci and 
Farrant 1995) . 
It is particularly when melabolism has Ihe potenlial to 
become disturbed - as is the case when dehydration of 
plant tissues occurs - that free radical scavengers must be 
optimally active. Although metabolic processes appear to be 
curtailed at the onset of maturation drying in orthodox seeds, 
the embryos and other tissues are by no means ametabolic. 
During maturation drying, seeds in the water content range 
0.35 to 0.24g g" (between water potentials 01 -3 and -1 1MPa) 
have been suggested as being particularly prone to unregu-
fated metabolism which could result in a wave of free radical 
generation (Vertucci and Farrant 1995) . Hence the presence 
and optimal operation of antioxidants is seen as vital during 
normal physiological dehydration of orthodox seeds, and 
again during water uptake preparatory to germination. 
[n developing recalcitrant seeds metabolism is not pro-
grammed to be 'switched off': it continues, if not unabated, 
certain ly at a relatively high level. It is thought, on the basis 
of some supporting evidence, that although recalcitrant 
seeds/embryos do possess antioxidants, these may become 
impaired or otherwise unable to cope with the level of free 
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radical generation accompanying uncoordinated metabolism 
as a consequence of water stress (Hendry et al. 1992, 
Finch-Savage et al. 1993, Come and Corbineau 1996) 
imposed by ongoing germinative metabolism in hydrated 
storage (Pammenter et at. 1994, Smith and Berjak 1995) or 
by relatively slow dehydration (Pammenter et al. 1998, (see 
later]). The evidence, although persuasive, is not consistent 
among recalcitrant species. This argues for differences 
among species in: 1. the presence of the full spectrum of 
antioxidants that must function as a system to be effective; 
2. the qualitative and quantitative aspects of free radical pro-
duction; 3. under dehydrating conditions, the rate at which 
water loss takes (took) place; and 4. extrinsic factors, partic-
ularly the seed-associated microflora (see later) . 
The presence and operation of putatively protective 
molecules 
SUCROSE WITH CERTAIN OLiGOSACCHARIDES OR 
SUGAR ALCOHOLS: Maturing orthodox seeds accumulate 
considerable amounts of sucrose and o[igosaccharides, 
usually raffinose andlor stachyose (Koster and Leopold 
1988, Leprince et al. 1990, Blackman et al. 1992), or 
sucrose co-accumulates wi th ga[actosyl cyclitols (Horbowicz 
and Obendorf 1994, Obendorf 1997), depending on the 
species. As dehydration proceeds, these mixtures form a 
highly viscous, amorphous state, which is actually a super-
saturated solution known as a glass, or described as consti-
tu ting the glassy (vitrified) state (Koster and Leopold 1988, 
Williams and Leopold 1989, Koster 1991 , Leopold et al. 
1994, Obendorf 1997). It is nol that the intracellu lar glassy 
state participates in the acquisition of desiccation-tolerance: 
rather, any reaction that could proceed freely in the original-
ly fluid (hydrated) sta te of the cell contents, becomes 
increasingly curtailed as the intracellu[ar milieu becomes 
more and more viscous (Leopold et al. 1994). With full 
developmenl of the glassy state, there is an imposed stasis 
of intracellu[ar activity, thus minimising unregulated metabo-
lism - and its deleterious consequences. Once an orthodox 
seed becomes dry and ametabolic, the glassy state could 
playa major part in protecting membranes and curtailing 
events such as denaturati on of macromolecules, simply by 
creating conditions where their attack by free radicals gen-
erated by abiotic exogenous factors (e.g. ioniSing radiation, 
including uv) is minimised because of the highly viscous 
intracellular environment (Pammenter and Berjak 1999) . It is 
possible that Ihe lifespan 01 mature orthodox seeds under 
defined storage conditions (which is species- and some-
times even variety-specific) is intimately associated with the 
relative stability of the glassy state, on the basis of curtailed 
molecular mobility (Buitink et al. 2000). Because Ihey are 
metastable, glasses tend to break down: (crystallisation 
within a super-saturated sugar-based glass is a visible result 
of its breakdown that can be observed when a jar of honey 
is left to stand). This phenomenon may well underlie the 
inevitable, although usually slow, deterioration of orthodox 
seeds during storage. 
On the basis that accumulation of appropriate concentra-
tions and proportions of sucrose and oligosaccharides or 
galactosyl cycl itols is an essential feature of orthodox seed 
84 
survival in the desiccated state, it might be conjectured that 
these are lacking in recalcitrant types. This generalisation 
cannot, however, be made! The recalcitrant seeds of sever-
al species tested do produce sucrose and oligosaccharides 
(Berjak ef al. 1989, Farrant ef al. 1993, Finch-Savage and 
Blake 1994, Lin and Huang 1994, Steadman ef al. 1996) , 
which might accumulate in mass ratios conducive to glass 
formation (Horbowicz and Obendorf 1994) - but vitrification 
would occur only at appropriately low water contents - as 
is the case for maturing orthodox seeds. However, upon dry-
ing (whether 'naturally' after being shed, or experimentally 
after harvest) recalcilrant seeds would have lost viability at 
water contents considerably higher than that required for 
glass formation (Pammenter and Berjak 1999). 
LATE EMBRYOGENIC ACCUMULATING/ABUNDANT 
PROTEINS (LEAs): Synthesis of the set of robus t, 
hydrophilic proteins termed LEAs (dehydrin-l ike proteins), 
has been correlated with the peak in ABA level that occurs 
preceding maturation drying , during orthodox seed develop-
ment (Kermode 1990). However, expression of a second set 
of lea genes during the drying phase when ABA levels 
become relatively low (Galau and Hughes 1987, Galau ef a/. 
1987, reviewed by Oliver and Bewley 1997), has led to the 
idea that a component(s) of the signal transduction pathway 
other than ABA is involved in the regulat ion of the genes 
(reveiwed by Kermode 1997). Whatever the details of the 
control of LEA gene expression, there is convincing evi-
dence that LEAs are somehow involved in the acquisition 
and maintenance of desiccation- tolerance in orthodox 
seeds, perhaps because their amphipathic nature facilitates 
interaction with a wide range of macromolecules, thus pre-
venting denaturation of the latter under dehydrating condi -
tions (Close ef al. 1989, 1993, Dure ef al. 1989, Blackman ef 
al. 1995, Ingram and Bartels 1996, Close 1997). Alternative, 
or perhaps additional, roles suggested for LEAs is that these 
proteins may bind ions and water (Bray 1993, Dure 1993) or 
may act as chaperon ins (Russouw ef al. 1997). 
The situation with respect to the occurrence and possible 
role of LEAs in recalcitrant seeds is equivocal. Such proteins 
occur in recalcitrant seeds of a variety of species, from 
grasses (Bradford and Chandler t 992, Gee ef al. 1994, Still 
ef al. 1994) to trees of a range of some (but not all) tropical 
and temperate dry land species (Finch-Savage ef al. 1994, 
Gee ef al. 1994, Farrant ef al. 1996). On the other hand, 
LEAs were found to be conspicuously absent from recalci-
trant seeds of ten tropical wetland species tested (Farrant ef 
al. 1996). Whether or not LEAs are produced during devel-
opment, the unifying feature of recalcitrant seeds is their 
deSiccation-sensitivity. Thus the presence of these proteins 
alone is not su fficient to confer the ability of a seed to with-
stand dehydration. 
The evidence of the occurrence of both appropriate 
sugar/oligosaccharide combinations and LEAs in recalci -
trant seeds underscores the contention that no one factor 
can be considered to be the key factor in either the acquisi-
tion, or the maintenance, of desiccation tolerance, and the 
growing realisation that the phenomenon must be the result 
of the interplay of a variety of mechanisms and processes 
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which will surely emerge as being under multi genic control 
(Pammenter and Berjak 1999). 
AMPHIPATHIC SUBSTANCES: Endogenous amphipathic 
substances constitute a third category of putatively protec-
tive molecules: these have been suggested to part ition into 
membrane lipid bilayers during dehydration (Hoekstra ef al. 
1997, Golovina ef al. 1998). As a consequence, formation of 
the gel phase in the desiccated state is suggested to be pre-
vented. On re-hydration, the amphipaths - e.g. flavinols 
(Hoekstra ef a/. 1997) - have been shown to partition back 
Into the cytoplasm, as water becomes increasingly available . 
While this may well be a further mechanism involved in des-
iccation-tolerance in orthodox seeds, the status of amphi-
pathic molecules in recalcitrant seeds has not yet been 
ascertained. 
The ability for damage restitution on re-hydration 
There is no doubt that although orthodox seeds are inher-
ently protected against the exigencies of dehydration , they 
are damaged by a variety of commonly-used horticultural 
and agricultural manipulations. For example, premature har-
vest and fo rced drying at elevated temperature (as is rou-
tinely used for gymnosperm seeds) results in a syndrome of 
damage associated with the phenomenon of accelerated 
ageing (Wang ef al. 1992). Seed storage of orthodox types 
under relatively high temperature and RH conditions - such 
as is commonly employed in warm, humid countries - has 
been known for many decades to affect vigour and viability 
adversely, which is a manifestation of damage within cells of 
the embryo. In fact, controlled seed treatments at elevated 
temperature and RH have long been used routinely to 
achieve accelerated ageing , which promotes such damage 
(e.g. Justice and Bass 1978). 
The longer seeds are stored under adverse conditions 
(whether for agricultural or experimental purposes) and the 
more extreme these conditions. the greater is the accumu-
lation of damage. However, before viability is compromised , 
100% germination can still be achieved, but there is an 
increasing time lag between seed imbibition and radicle 
extension, which is the visible manifestation of germination. 
During this period, intracel lular repair mechanisms become 
operational and repair must be effected before germinative 
metabolism can be entrained (e.g. Osborne 1983). Repair in 
orthodox seeds occurs at the level of protein macromole-
cules (Mudgett ef al. 1997); membranes (Berjak and Villiers 
1972); and nucleic acids (Elder e f al. 1987) during the lag 
phase preceding germination, when it is also necessary that 
free-radical-scavenging systems must be restituted if dam-
aged. In fact, the efficacy of osmopriming of low-vigour 
orthodox seeds resides in the facil itation of repair whi le the 
seeds are held at water potentials allowing this metabolism, 
but precluding the start of germination (Bray 1995). 
Is the impaired ability to repair, or its lack, one of the fac-
tors contributing to seed recalcitrance? There are very few 
data to hand that allow assured comment to be made about 
this. However, following rehydration of the highly-recalcitrant 
seeds of Avicennia marina, no DNA repair is possible once 
22% of the original ly-present water has been lost (Boubriak 
ef al. 2000). Those authors describe that, after this degree of 
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dehydration, the water content of A marina seeds is still 
over 1 g g I (about 53%, wmb) , which argues strongly for a 
most inadequate DNA repair system at best, considering 
that this essential mechanism will operate on rehydration in 
orthodox seeds that have been dehydrated at least 10-fold 
more. In terms of free-radical scavenging processes, there 
is evidence that antioxidant systems fail during dehydration 
of desiccation-sensitive seeds and seedlings, and are 
assumed to remain ineffective when the water loss is made 
good. 
Thus. although there is only a little evidence regarding the 
operation of repair mechanisms, including antioxidants 
(Come and Corbineau 1996), in recalcitrant seeds, it is like-
ly that these must be present in the hydrated condition, bul 
are tabile and will fail following dehydration . However, for 
recalcitrant seeds of individual species, the conditions under 
which dehydration occurs, and its extent, are likely to 
emerge as important determ inants of the resilience of repair 
systems (Pammenter et al. 1998, Pammenter and Berjak 
1999). 
The mechanisms and processes outlined above, which 
have been implicated in acquisition and maintenance of des-
iccation lolerance must play an interacting ro le in the phe-
nomenon of seed orthodoxy, but tllere are three important 
things to remember. Firslly, the list is probably by no means 
complete, with essential developmental phenomena remain-
ing to be identified. Secondly, in seeds that are not orthodox, 
the features are represented to differing extents, and some 
may not be present at all. As a result, there are differing 
degrees of the extreme condition of recalcitrance, and basi-
cally of the non-orthodox behaviour of any seeds that do not 
complete the maturation drying phase of development, but 
will tolerate post-shedding dehydration to a lesser extent 
Ihan will orthodox seeds. Thirdly, although seeds of individ-
ual species may survive the actual desiccation process to 
levels typical of orthodox seeds, if their survival is abnor-
mally curtailed under ambient conditions , then these too 
must be considered as being non-orthodox. 
Dehydration and effects of drying rate 
Although biophysical studies have convincingly shown that 
intracellular water exists as at least five different states or 
types (Vertucci and Farranl 1995), what is necessary to 
understand the effects of dehydration on recalcitrant seeds, 
is an appreciation that in celis, water up to c. 0.28g 9 1 wi ll 
not freeze and is consequently different from 'bulk', freez-
able water. Non-freezable water is either tightly associated 
with (bound 10) intracellular surfaces, or is glassy - and, in 
fact, is considered as imposing ordered structure on macro-
molecules, membranes and organel les. Freezable water, in 
contrast, may be consjdered as solution water (VertUCCi 
1990). 
During maturation drying of orthodox seeds, freezable 
water is progressively lost, in concert with the orderly shut-
down of metabolic processes and the operation of the 
'checks and balances' imposed by the suite of mechanisms 
and processes discussed earlier (Vertucci and Farrant 
1995). Below a water content of around 0.3g g " the water 
removed is from the non-freezable fraction, being lost with-
85 
out deleterious consequences, because tile embryo cells 
are adequately protected against the strains of extreme des-
iccation: this, however, is not the case for cells of recalcitrant 
seeds (Pammenter et al. 1991). 
Recalcitrant seeds, which are generally relatively large 
structures, remain metabol ic after shedding, and, because 
of their size and generally because they do not lose water 
readily, they dry slowly in nature, as well as under usual 
dehydraling regimes used in the laboratory. As freezable 
waler is lost metabol ism will still proceed, init ially apparently 
normally (Berjak et al. 1984) , but becoming unbalanced with 
progressively more dehydration over time (VertuccI and 
Farrant 1995, Pammenter et al. 1998, Pammenter and 
Berjak 1999) . The more slowly water is lost, the greater is 
the time during which unbalanced metabolism will occur in 
dehydrating recalcitrant seeds - without the benefits of the 
suite of interacting protective mechanisms that are entrained 
in orthodox types. Unbalanced metabolism during prolonged 
periods of water stress has lethal consequences, so that the 
seeds generally will have lost viability by the time the water 
conten l has declined to c. 0.8g g' (44%, wmb) (Pammenter 
et al. 1998, Pammenter and Berjak 1999). The lethal dam-
age that has occurred , including the consequences of 
uncontrolled free radical generation, is a direct consequence 
of unbalanced metabolism, so is termed metabolism-
induced damage (Walters et al. 2001). 
The more rapidly recalcitrant seeds can be dried, the rel -
atively lower is the water content they will tolerate before via-
bility is lost (Farranl et al. 1985). That is, the consequences 
of dehydration can be ameliorated by limiting the time for 
which unbalanced metabolism occurs (Pammenter et at. 
1998, Pammenter and Berjak 1999). However, because of 
their inherent characteristics, even under the most severely 
dehydrating conditions, intact recalcitrant seeds of most 
species cannot be dried suffiCiently rapidly to low enough 
water contents to exploit the limitation of metabolism-
induced damage for the practical purposes of 'conventional' 
slorage. Nevertheless, the discovery of Ihe importance of 
time as a factor in the desiccation responses of recalcit rant 
seeds removes the obfuscation imposed by the idea of a 
species-specific 'critical water content' (in the range of freez-
able water) and has important practical consequences in 
terms of cryostorage (see below). 
Desiccation damage of recalcitrant embryos is quite dif-
ferent from metabolism-induced damage. Under conditions 
that all, or almost all, freezable water can be removed suffi-
ciently rapidly from recalcitrant material without compromis-
ing viability, which is possible with excised embryoniC axes 
(Pammenter et al. 1991 , 1993, Pritchard 1991 , Finch-
Savage 1992, Berjak et al. 1993, Pritchard and Manger 
1998), the same is nol true for the non-freezable water. 
Near, or at the stage when only non-freezable water 
remains, further drying rapidly induces what is referred to as 
desiccation-damage sensu stricto, which destroys cellular 
structures and organisation (Pammenter and Berjak 1999, 
Walters et a/. 2001). The water content at which th is occurs 
is indeed a critical water content that, with in limits, may vary 
among recalcitrant seeds. Desiccation damage is a conse-
quence of the absence of effective mechanisms that permit 
orthodox seeds to maintain viability when severely dehy-
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drated. While the same may be said for metabolism-induced 
damage, obviously different processes and mechanisms are 
operative during the Joss of freezable or non-freezable 
water 
The potential for seed storage 
'Conventional' storage - i,e use of the low temperature, 
low RH conditions so successful for orthodox seeds - is 
precluded and stored recalcitrant seeds maintain viability 
only when they are stored hydrated. However, this option , 
whether achieved in the laboratory by storage of seed 
monolayers in a saturated atmosphere, or use of a slightly 
moist packing medium (e .g. sawdust), or of a humid store, 
succeeds in the short-term only - which may be a few days 
to months, depending on the species and its provenance 
(Chin and Roberts 1980). Generally, viability in recalcitrant 
seeds of tropical species is lost extremely to relatively rapid-
ly, while those of temperate species may last up to a year or 
more, particularly if they can be cold-stored. Hydrated stor-
age therefore, is of little use for long-term conservation of 
the genetic resources of species producing recalcitrant 
seeds, and in addition to the inherently short lifespan of the 
seeds, the storage period is generally significant ly curtai led 
by the activity of the associated mycoflora (Berjak 1996, 
Cal istru el a/. 2000). The recalcitrant-seed-associated fungi 
are ubiquitous, although their species composition varies 
seemingly from one geographic region to another 
(Sutherland et al. 2001). However, all survive on and in the 
seeds and the conditions of hydrated storage , especially 
when the seeds are chilling-sensitive, facilitate fungal prolif-
e ration which becomes rampant as the seed vigour 
inevitably declines. While concerted efforts are being made 
to overcome the major problems of hydrated storage, so as 
to extend post-ha rvest vigour and viabi lity maximally, long-
term storage must be achieved by other means . 
Germplasm cryostorage 
Whether they are chill ing-sensitive or not, recalcitrant seeds 
cannot be stored at sub-zero temperatures attained by the 
use of conventional freezers (down to c. _20°C), as the slow 
cooling (freezing) of the necessarily-hydrated seeds results 
in lethal ice crystallisation. However, it is imperative that 
long-term conservation of the genetiC resources of species 
producing recalcitrant (or non-orthodox) seeds be achieved. 
Clea rly, this appears impossible (with a few exceptions -
see below) using the intact seeds. 
Exploitation of the finding thai the more rapidly a recalci-
trant seed can be dried, the rela tively greater is the water 
loss tolerated, led to the development of and subsequent 
improvement in efficiency of flash-drying (8erjak el al. 1990, 
Wesley-Smith el al. 1999). This technique ensures very 
rapid dehydration , but not of intact seeds: instead, the 
embryonic axes - which generally constitute only a minute 
fraction of the total seed volumelmass (Berja k et al. 1996)-
are excised and exposed to moving dry air. Flash-drying 
ensures that axes are rap idly dehydrated - in a matter of 
approXimately 15min up to three hours (as opposed to days 
for the intact seeds) , depending on the species. As the time 
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at which uncontrolled metabolism-induced damage during 
drying is significantly curtailed , the axes will to lerate dehy-
dration without loss of viability to , or close to , the level where 
all remaining water is non-freezable (Pammenter et al. 1991 , 
1993, Pritchard 1991 , FinCh-Savage 1992, 8erjak el al. 
1993, Pritchard and Manger 1998). Flash-dried axes have 
not become desiccation-tolerant: indeed , Ihey will die rapid-
ly at any ambient tempera lure or if refrigerated (Walters el 
al. 2001). However, they supply the material for cryostorage 
- i.e . storage at temperatures below -80°C, but conven-
tionally inlover liquid nitrogen (-196'C or c. -150'C, respec-
tively). 
Successful cryostorage - which will result in the produc-
tion of normal seedlings - is, however, not straightforward , 
and indeed, the literature records far more failure than suc-
cess (Berjak et al. 1996). The parameters. especially of 
cool ing (freezing) rate and thawing conditions presently 
have to be ascertained on a species basis. It is also imper-
ative that the preliminary flash-drying be optimised to ensure 
that only as Uftle water as is necessary, is removed , as the 
closer the final hydration level is to non-freezable water only, 
the more the axes become stressed (Wesley-Smith et al. 
1992, 1999). 
Cooling parameters must ensure, that at whatever the 
water content of the axes, the formation of large, potentially 
lethal intracellular ice crystals is curtai led . Generally, the 
higher the final water content after flash-drying , the more 
rapid must be the passage of the axes through the temper-
ature range permitting ice crystall isation, which demands 
very rap id cooling (Wesley-Smith el al. 1992). Additionally, 
the choice of cryogen (coolant) is also important, as it must 
cause no biological injury but must also be a good conduc-
tor of heat away from the axis during its plunge (Wesley-
Smith et a/. 1999). Cooling ra tes can be slower only in line 
with low axis water contents, which themselves, may be inju-
rious. Whatever the cryogen used for the cooling process, 
liquid nitrogen is generally used for cryostorage. Once axes 
are retrieved from cryostorage, thawing conditions are also 
critical, as ice crystall isation readi ly occurs during warm ing 
through Ihe critica l temperature range. An additional compl i-
cation is the choice of the medium in which thawing is car-
ried out: the axes are dehydrated, so thawing is not merely 
a matter of their reaching ambient temperature, but also of 
their rehydration (8erjak el al. 1999b). 
An over-arching complication of axis cryostorage is that 
germination must be achieved under in vitro conditions, for 
which the medium that replaces the normal nutrient and 
water supply of the seed must be optimised before anything 
else can be attempted. Additionally, all inoculum of the ubiq-
uitous seed-associated micro-organisms (generally fungi) 
must have been totally eliminated, as these not only will 
over-run axes in culture, but survive flash-drying and cryos-
torage remarkably well (Berjak el al. 1999a) . 
Despite all Ihese complications, it seems that there is no 
alternative to cryostorage for long-term conservation of the 
genetic resources of species producing recalcitrant seeds 
and notable success has been achieved for several temper-
ate and tropical species. Nevertheless, at the time of writing, 
there are species which appear to be intractable to the nec-
essary manipulations (Kioko el al. 1998, 8erjak et al. 
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1999c) However. because of the inherent variability of 
recalcitrant seeds (Berjak et al. 1989. 1996). in these cases 
additional parameters, such as seed developmental status 
in the newly-harvested condition. need to be related to the 
response of the axes. Then . for those species where the 
embryonic axis is too large to be manipulated at ai! , alterna-
tive ex plants. e.g. somatic embryos or apical meristems. 
need to be considered. 
Ideally. intact seeds should be cryostored. which would 
obviate in vitro compl ications: however. size precludes this 
in the great majority of cases. although there are a few 
species that produce seeds which are sufficiently small. For 
success, such seeds must be capable of rapid dehydration. 
Notably. successful cryostorage has been achieved for the 
apparently non-orthodox seeds of Warburgia salutaris and 
W ugandensis (Kioko et al. 1999, 2000). The former 
species, which is arguably the most sought-after (for tradi-
tional medicinal uses) and consequently the most threat-
ened in South Africa, produces fru its that are highly insect-
predated, so effectively, mature seeds are seldom obtained. 
When precautions against insect attack are taken. the seeds 
- and those of W ugandensis - lose viability if subjected 
to slow air-drying . Their successful cryostorage is a major 
step in conselVing the biodiversity of the genus - and , in 
fact. ensuring its survival for W sall/taris. 
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